Neutrophils are the main inflammatory cell present in lesions involving the central nervous system (CNS) during human and murine listeriosis. In this study, administration of the neutrophil-depleting monoclonal antibody RB6-8C5 during experimental murine listeriosis facilitated the multiplication of Listeria monocytogenes in the CNS. These data suggest that neutrophils play a key role in eliminating bacteria that gain access to the CNS compartment. In addition, we provide evidence that their migration into the CNS may be necessary for the subsequent recruitment of macrophages and activated lymphocytes.
Experimental murine listeriosis has long served as a general model for the study of cellular immunity to intracellular bacteria (14) and as an animal model for human listeriosis (1, 3, 12, 14) . The early stages of listeriosis are characterized by a rapid influx of neutrophils and macrophages into the liver and the spleen, which are the organs where listeriae are trapped during systemic infection (14) . The role of neutrophils in the early resistance of mice to Listeria monocytogenes infection has been studied using the antigranulocyte monoclonal antibody (MAb) RB6-8C5. Administration of this MAb renders mice severely neutropenic for 2 to 3 days after inoculation (5, 16, 17) . Neutrophils were found to play a critical role in reducing the bacterial burden in the liver and spleen during the first 3 days postinfection (PI) (2, 4-7, 11, 16, 17) . Neutropenic mice die rapidly after inoculation with a sublethal dose of L. monocytogenes, due to massive bacterial multiplication in various organs, especially in the liver and spleen.
Central nervous system (CNS) involvement is a common feature of human listeriosis that accounts for the high mortality rate and neurological sequelae reported to occur in infected human beings (10) . Neutrophils are the main inflammatory cell present in histopathological sections from the CNS lesions (i.e., meningitis, ventriculitis and choroiditis, and rhombencephalitis) that can develop during the course of human or experimental murine listeriosis (1, 3, 10, 13, 15) . However, the role of neutrophils in the development or prevention of these CNS lesions is not well understood. CNS involvement occurs late after infection and has been reported to be highly dependent on the level and duration of bacteremia (3) . Bacteremia in turn is induced by rapid bacterial multiplication in the liver and the spleen (3) . A rapid influx of neutrophils into the subarachnoid space, after the arrival of L. monocytogenes in the CNS compartment, has been reported. This polymorphonuclear leukocyte recruitment process has been related to the enhanced expression of adhesion molecules (i.e., P-selectin and intercellular adhesion molecule 1 [ICAM-1]) in subarachnoid venules (13) . Recruited neutrophils are thought to contribute to the elimination of L. monocytogenes, although they also could be involved in the development of progressive brain injury via the release of harmful mediators.
To elucidate the role of neutrophils in the pathogenesis of CNS lesions during experimental murine listeriosis, we depleted mice of neutrophils at a time when they had already emigrated into the liver and spleen but before CNS lesions became evident. To do this, 8-to 12-week-old female CD1 mice (Charles River Laboratories, Indianapolis, Ind.) were inoculated subcutaneously in the lumbar zone with 10 9 CFU of viable L. monocytogenes strain EGD. At 60 or 84 h PI, mice were given an intraperitoneal injection of 250 g of the RB6-8C5 MAb. Control mice were injected intraperitoneally with rat immunoglobulin G instead of the RB6-8C5 MAb. Wrightstained blood smears were prepared to verify neutrophil depletion. Groups of mice were killed by halothane overdose on days 2, 4, 5, 6, and 8 PI. Samples of liver, spleen, and brain tissue were removed, homogenized, and plated on blood agar to estimate viable bacterial counts. In addition, blood collected from the vena cava was also plated to detect bacteremia. For histopathological evaluation, organ samples were removed, fixed in 10% buffered formalin, and processed by routine procedures. Bacterial counts were analyzed using one-way analyses of variance. Tukey's tests were used to establish post hoc differences among different treatments for each day PI.
As previously reported, administration of the RB6-8C5 MAb to L. monocytogenes-infected mice significantly increased bacterial counts in the liver and spleen (Table 1) . Mice inoculated with this neutrophil-depleting antibody at 60 h PI were unable to eliminate the listeriae from their livers and spleens. Mice so treated died or were euthanized because of their morbidity between days 4 and 6 PI. Mice inoculated with the RB6-8C5 MAb at 84 h PI also exhibited higher bacterial counts in the spleen and liver than did control animals, although these mice seemed better able to control the infection, as reflected by their progressively decreased bacterial levels until the end of the experiment.
As previously reported (4, 6, 7, 16) , histopathological evaluation of the liver sections of mice treated with the RB6-8C5
MAb at 60 h PI revealed large areas of bacterial replication within hepatocytes, without apparent inflammatory cell infiltration. Splenic lesions in these mice consisted of a necrotizing splenitis with a marked lymphoid depletion. Large numbers of listeriae could be seen mainly located under the splenic capsule, as well as around splenic blood vessels. These severe lesions persisted through the end of the experiment. Hepatic lesions in animals inoculated with the RB6-8C5 MAb at 84 h PI exhibited small areas of bacterial replication with foci of granulomatous inflammation. On day 5 PI two animals of this group had lesions consisting almost entirely of foci of heavily infected hepatocytes with a paucity of inflammatory cells. These mice displayed less severe pyogranulomatous splenic lesions than mice that received the RB6-8C5 MAb at 60 h PI.
Thus, in our experimental model, neutrophils seem to be essential for limiting listerial multiplication in the liver and the spleen during the first 4 days of experimental listeriosis. After day 4 PI, acquired resistance may be sufficient to allow RB6-8C5 MAb-treated mice to survive, although they are not as efficient as control mice in limiting bacterial growth. Two of eight mice inoculated with the RB6-8C5 MAb in the present study developed hepatic and splenic lesions with signs of uncontrolled bacterial growth. This finding suggests that these mice were unable to control the infection before administration of the neutrophil-depleting RB6-8C5 MAb. Efficiently reducing the listerial burden in the liver and the spleen during the first 4 days of infection is likely to be crucial for the development of a protective adaptive immune response.
Bacteremia has been previously reported to be required for invasion of the CNS during experimental murine listeriosis (3). Bacteremia lasted through the end of the experiment (day 6 PI) in the RB6-8C5 MAb-treated groups (6.67 Ϯ 0.85 and 2.88 Ϯ 1.48 log 10 CFU/ml, in the group depleted of neutrophils at 60 and 84 h PI respectively), whereas it was resolved after day 4 PI in the control group. Consistent with the prolonged bacteremia, CNS lesions were more numerous in the RB6-8C5 MAb-treated groups of mice. Of the mice inoculated with the RB6-8C5 MAb at 60 and 84 h PI, 55 and 50% respectively, had CNS lesions, compared to 16% of the controls. In addition to the increased frequency of CNS lesions in the RB6-8C5 MAbtreated mice, striking differences between the histopathological appearance of CNS lesions in RB6-8C5 MAb-treated mice and that of CNS lesions in control mice were also observed. Typical lesions in control mice consisted of pyogranulomatous meningitis with few intralesional bacteria. By contrast, two different lesional patterns were found in RB6-8C5 MAb-inoculated mice. Lesions observed at 36 h after RB6-8C5 MAb treatment consisted of large numbers of bacteria in the leptomeninges, with few inflammatory cells. Curiously, in all these cases, free listeriae were located mainly in the meningeal tissue of the choroid velum over the fourth ventricle (Fig. 1) ; the choroid plexus was not affected. In contrast to a recent report of large numbers of neutrophils associated with subarachnoid vessels in the hippocampal sulcus during experimental murine listeriosis (13), we observed only a few inflammatory cells, or listeriae, in the subarachnoid space in RB6-8C5 MAb-treated mice. On days 5 and 6 PI, two animals in each RB6-8C5 MAb-treated group had mild CNS lesions similar to those of control mice. These consisted of mild mononuclear meningitis without visible intralesional bacteria. Most of the inflammatory cells seen infiltrating the subarachnoid compartment of RB6-8C5 MAb-inoculated mice had the histological appearance of immature cells of the myelomonocytic lineage. These cells stained dimly positive by immunohistochemistry (data not shown) for the neutrophil differentiation antigen 7/4 (12). Because the RB6-8C5 MAb specifically binds to and depletes mature neutrophils (4), it is not surprising that immature cells of the myelomonocytic lineage were released from the bone marrow into the bloodstream. These immature cells would be expected to have less bactericidal capability, resulting in poorer control of bacterial growth in the subarachnoid space.
An unexpected result of our study was that large numbers of listeriae were recovered from the brains of RB6-8C5 MAbtreated mice on day 4 PI, without any evidence of CNS lesions. We suggest that this reflects a greater level of bacteremia, resulting from the inability of RB6-8C5 MAb-treated mice to restrict listerial multiplication in the livers and the spleens and their impaired ability to clear listeriae once they reached the CNS. Intracellular listeriae were observed within circulating macrophages in blood smears from all the treatment groups. Furthermore, and as previously reported (9), listeriae were occasionally observed within circulating neutrophils in blood smears from control animals. Although L. monocytogenes can gain access to the CNS compartment within phagocytic cells (3, 8, 9, 15) , in vitro studies have also shown that L. monocytogenes can invade and multiply within microvascular endothelial cells (18) . We speculate that the depletion of blood neutrophils in RB6-8C5 MAb-treated mice allowed more listeriae to circulate freely in the bloodstream, perhaps facilitating endothelial invasion and multiplication within the brain compartment, leading in turn to lesion development.
The significance of our observation of large numbers of extracellular gram-positive rods in the roof of the fourth ventricle is unknown. The concomitant presence of inflammatory cells in the subarachnoid space, rather than at the site where most of the listeriae were present, suggests that L. monocytogenes and inflammatory cells may utilize different mechanisms to reach the CNS. Some of us recently reported that the arrival of inflammatory cells in the subarachnoid space is related to the increased expression of P-selectin and ICAM-1 in subarachnoid vessels, especially those located in the hippocampal sulcus (13) . In the present study, we observed no significant difference in the endothelial expression of P-selectin and ICAM-1 by RB6-8C5 MAb-treated mice, compared to that of control mice (data not shown). In the absence of neutrophils, other inflammatory cells, with the exception of a few immature myelomonocytic cells, were not detected in the subarachnoid space. This finding suggests that the migration of neutrophils into the brain is a prerequisite for the subsequent recruitment of macrophages and activated lymphocytes. Deficient macrophage recruitment to other organs during experimental murine listeriosis in neutrophil-depleted mice has been reported previously (4, 5, 16) .
In conclusion, the administration of the neutrophil-depleting RB6-8C5 MAb during experimental murine listeriosis enhanced the multiplication of L. monocytogenes and lesion formation in the CNS of infected mice. These data indicate that neutrophils are crucial for preventing the access or multiplication of L. monocytogenes in the CNS compartment. Furthermore, the initial emigration of neutrophils into the CNS may be necessary for the subsequent recruitment of macrophages and activated lymphocytes. 
